
AD-A269 9 7 5

PL-TR-91-2185

A WAVEFORM INVERSION TECHNIQUE FOR MEASURING
ELASTIC WAVE ATTENUATION IN CYLINDRICAL BARS

Randolph J. Martin, III
Xiao Ming Tang

New England Research Inc

76 Olcot Drive
White River Junction, VT 050

ELECT':

SEP 08a19
93 3

23 July 1991

Scientific Report No. 2

Approved for public release; 93-20814
Distribution unlimited EflT01 l-0

PUILLIPS LJ0AWOAO
AI FORM Sum.W COuam
HANS=K AIR YOMc SM8, K&88AC81T1 01731-500



SPONSORED BY
Defense Advanced Research Projects Agency

Nuclear Monitoring Research Office
ARPA ORDER NO. 5307

MONITORED BY
Phillips Laboratory

Contract FY19628-89-C-0097

The views and conclusions contained in this document are those of
the authors and should not be interpreted as representing the
official policies, either expressed or implied, of the Defense
Advanced Research Projects Agency or the U.S. Government.

This technical report has been reviewed and is approved for
publication.

JAM• F. LEWKCWC isJ LUMI"
Co t act Manager i nch Chief

S 1 d Earth Geophysics B anch olid Earth Geophysics Branch
E th Sciences Division Earth Sciences Division

DONALD H. ECKHARDT, Director
Earth Sciences Division

This report has been reviewed by the ESD Public Affairs Office
(PA) and is releasable to the National Technical Information
Service (NTIS).

Qualified requestors may obtain additional copies from the Defense
Technical Information Center. All others should apply to the
National Technical Information Service.

If your address has changed, or if you wish to be removed from the
mailing list, or if the addressee is no longer employed by your
organization, please notify PL/IMA, Hanscom AFB, MA 01731-5000.
This will assist us in maintaining a current mailing list.

Do not return copies of this report unless contractual obligations
or notices on a specific document requires that it be returned.



REPORT DOCUMENTATION PAGE Form Approved
__________________________________________________________ J MB No 0704-01788

,al",rfO.p d 6ý f'I t ~ 0A18 eecec. ar (cC~ et , z A , . .-c * ~ - ~, *~~
(ove cC fliml ývma.ucr .r'ci 9 suggest, ns 'C' ,ec- '2 -% ..'C .t- .2~ &'ACC ' q.,'*~ # .

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

4 23 July 1991 Scientific Report No. 2
4. TITLE AND SUBTITLE 'S FUNDING NUMBERS

A Waveform Inversion Technique for Measuring Elastic Wave PE 62714E
Attenuation in Cylindrical Bars PR 9A10 TA DA WUDB

6. AUTHOR(S) Contract F19628-89-C-0097

Randolph J. Martin, III
Xiao Ming Tang

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORM:NG ORGANIZATION

New England Research Inc REPORT NUMBER

76 Olcott Drive
White River Junction, VT 05001

9. SPONSORING iMONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING /MONITORING

Phillips Laboratory AGENCY REPORT NUMBER

Hanscom AFB, MA 01731-5000

PL-TR-91-2185

Contract Manager: James Lewkowicz/LWH
11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release;
Distribution unlimited

13. ABSTRACT (Maximum 200 words)

This report presents a new technique for measuring elastic wave attenuation in the frequency range of
10-150 kHz. The technique consists of measuring low-frequency waveforms using two cylindrical bars
of the same material, but different lengths. The attenuation is obtained in two steps. First, the waveform,
measured within the shorter bar, is theoretically propagated to the length of the longer bar. The distortion
of the waveform due to the dispersion effect of the cylindrical waveguide is corrected for. Second, is the
inversion for the attenuation, or Q of the rock, is obtained by minimizing the difference between the
propagated waveform and the actual waveform measured within the longer bar. Because the waveform
inversion is performed in the time domain, the waveforms can be appropriately truncated to avoid multiple
reflections due to the finite size of the (shorter) sample, allowing attenuation to be measured at long
wavelengths or low frequencies. The frequency range in which this technique operates fills the gap
between the resonant bar measurement (-100-1000 kHz). Attenuation values in a PVC (a highly
attenuative) material and in Sierra White granite were measured in the frequency range of 40-140 kHz.
The attenuation for the two materials are found to be consistent with other measuring techniques.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Attenuation 32
Rock Properties 16. PRICE CODE

Seismic Yield Estimation
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT'

OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified MRl

NSN 7540-01-280-5500 Stardard Form 298 (Rev 2-89)
2 -Pls 2'4, SIa 139



CONTENTS

Int roduction 1

Propagation of the Fundamental Wave Mode in a Cylindrical Bar 3

Estimating Attenuation Through Waveform Inversion 4

Application to Laboratory Measurements 8

Experimental Procedure 8

Results 9

Conclusions 10

References 12

heseusion For

ETIS GRA&I

DTIC TAB Q
Unannounced 0
Juntifioatlon

By
Distribution/

V~c QIALTTY h•1-Availability Codes
vai. and/or

D18% Spealaliii



INTRODUMCTION

S : ii(wavc at t cnulatiloll ill rocks is a very nimport ami paraineter iuot only because it affects

lie scisniic wave p~rop~agation thlrough the earth, but also because it is a sensitive indicator

of rock propertie-s under various condlit ions. Tlhe main purpose of measuring atteniuat ~on in

I ie Ia bura tory Is to ulse thle data to infer rock proper-ties at iu -si/u1 scalt I'11A selismic "Ioy.(1111-

:("4. U iifort iiiiatelv, accurate neiasureinen ts of intrinisic att eniuat ion -ire Il iifcul j; oIll

if t il lie labhoratory andl ficld, b~ecause ot her effects, like tgeoinctrilca I sproadmin g. ;ir

reilectoions, also affect waveformn amlfl~itudes. In the laboratory, attenuation is usual!\y P.a-

srlusing ultrasonic p~ulse propagation and resonant bar techniques. For the p.-opalgvion

oi* stress pulses thirotiih rock samples, attcnuation can be estimated from the ri-se-timie of the

pulse on-set (Blair, 1982) or from using the spectral ratio technique (Toks6z et al.. 1979).

Howev*er, as pointed out by Liu (1988), the rise time is strongly affected by the source thime

function. The conversion from- rise timne to attenuation also assumes a specific attenuation

model (e.g., constant-Q model, Kjartansson, 1979), which may become invalid in the pres-

ence of fluid saturation (Jones, 1986). The spectral ratio method derives attenuation fromn

the slope of a line fitted to the logarithmic ratio of the spectra of two waveforms. Be-cause

waveformis may be affected by reflections from sample boundaries, high frequency pulses (~-

I 1 Mz) and samples with large lateral dimensions are used in the measurements (Toks6z et.

al., 1979). Even so, signals may still have to be truncated to remove extra arrivals which

miay significantly affect the wave spectra. Moreover, the diffraction effects of the transducer

s~ource inay need to be corrected for in such measurements (Tang et al., 1990). The resonant

bar technique utilizes the resonance of a vibrating cylindrical rod. Trhe resonant freque;icy

of the fundamiental m~ode usually occurs betweeni 3-.10 kliz. depending on the length of the

rodl. Because oft tie very d ifferent frequency ra nges oft the ult rasonic anld resonant techiniquoes.

attenuations obtained fromn the two techniques can lie significantly different (Blair. 1990).

In addition, the resonant lbar measurement is difficult to p~erform under pressure. whereas



:ave it tec-hilinqi that I)1Ce tsillr(' atd 111nlat ioll ill III Ii.lw to Illeit'( iiIi fic((jillC~V rik . gV ill ('1!

to understand attenuation mechanisms Iin rocks as a function of wavelengths and of i-J

''ondiitlolls. TIle purpose of this suyitodevclo) at technique that comfbineQs the advafltap!4

of the tw*.o methods and oiperates, inl the low t o medium frequency' ranges.

A ,rIc~t way o)f reducing" I he inc;ISure01lneit fr equency Iin the p~ulse propagatilon inet 1htA is

iiig low frequency source, anid inc-reasing the p~rop~agation length betwencci ourlce md

I.lCuV'A r trails ducers. H owever. lbcca use of the heai i sprea~tding of hei transduicer ra&,at io.

¶ he lateral dimension of thec sampl~e inist be increasedl proportionallyN to avuid the contailn-

utinof th~e direct signal by the reflect iolis fromt lateral bouimda vics. This results in at

lare arple volumie that Iis Impractical for lab~oratory nleasurements. 'This prob~lemf call be

il'-"idd by using the cylim d er-shlapcd sal nple- as used Iin Ihe re~soiati t. bar ii itthod. The il

q)f the bar geometry in the pulse propagation mnethod has two major advantages. First. the

szample length can be chosen according the wavelength without having to increase lateral

dimensions. Thus it is suited for use in pressure vessels and wvith saturated samples. Second.

the fundamental mode in a cylindrical bar is a low frequency wave phenomenon whose prop-

agation and dispersion characteristics are well understood and can be accurately modeled.

B~ecause the dispersion effects of the waveguide can distort the source signal into a long wave

train (particularly at high frequencies), the spectral ratio technique is not suitable for thi5,

app)lication. This method is most accurate with short duration signals. To overcome this.

wehave developed a waveformi inversion technique that needs only the first few cycles tof tlie

waveforms to obtain reliable estimates, of attenuation.

Ili t lie following st udies. thle propagation characteristics of thle fundanient al wave ni.,dc ill

d 1. xii md neal bar wlIbe dI s4 us~ed. ['lien the procedlure for the waveforin Invo r.son Ic u

wJ:A~ be formulated. Finally. th e proced ure is a pplied to measure at tenuat ion Iin a PVC\

inaterial anld in Sierra White granite. Th~e results for the granite are comipared with 11 ho-

obtained using other techniques.



PR-OPAGATION OF THE FUNDAMENTAL WAVE MODE IN

A CYLINDRICAL BAR

Ili 't t lin cvliNitdrical rod consisting of an elastic material, p)ropagation of extensio:- " ,.

,v.vIt .)\j the P•,chhamnmer equation (Kolsky. 19-53)

ýli/a)yn1 + k2 ).jI(la)11 (mna) - (1)12 - k 2)2Jo(la)Ji (mu) - 4k-I7nJl(Ia)jd(77a) = 0 1)

wi w r, a is bar radius, J,, (n = 0, 1) is the nth order liessel function, k is the exte:sic,-al

w,',; veni ri 1 ber, auid
I =- w 2 /V - V and 7 = w 2 /V 2 

-

are radial compressional and shear wavenumbers, V' and V, are compressional and shear

v.,locities respectively, and w is angular frequency. Although Eq. (1) gives rise to a numoer

()f extensional wave modes in the bar (Kolsky, 1953), the fundamental mode is of the most

interest to us. At very low frequencies (w -* 0), the velocity of this mode approaches

E/=-p, where E is the Young's modulus and p is the density of the bar. With increasing

frequency, the phase velocity of the mode decreases. Because of the change of velocity with

frequency (i.e., velocity dispersion), the waveform of the mode will be distorted as the wave

propagates along the bar. To demonstrate this effect, we consider the spectrum of the

propagating wave at the distance x away from the source

IV(w, x) = S(w) exp(ikx) (2)

wlrv, .,'(.) is the spectrum of the transducer source. After solving Eq. (1). Eq. (2) (an

he transformed into time domain to obtain waveforms at. various distances x. Figure Ia

4,ws the phase velocity (dashed curve marked 'phase'. obtained as w/k) and group velocit\

(dashed curve marked 'group'. obtained as d,;/dk), as well as the amplitude of the source

!-i-,t r,,m S(w) (solid curve) as funct ions of frequency for this example. The results are calci-

I, ., f, ir A kar, Of I cm raolius wilth VP, -.1272 m/s and I's, - 2506 u/s. Thw source is a ll iokr

3



source (Ricker, 1953) centered around 70 kll1z. Figure 1) shows tlhe synthetic waveforný- al

t!e distances x=O. 10, 20., and 30 cm from the source. B3ecause the wave spectrum covers

the frequency range where significant velocity dispersion occur,. tlhe waveform is graduAlhy

distorted into a long wave train as it propagate• along the bar. In addition, as indicatedi

Iih ["iure 11h. an Airy phase with very slow group velocity is developed, which is associaled

i'irh the minimum on the group velocity curve (Figure 1a). For signals with such a !..:.,

ia::ro:. the spectral method for atttenuatiun (lSI i natinit is not aTpOicalle. The com.,

•,, spectrum may not be recovered by either truncating the signal or taking the colp!.e-e

wVie train. Time former approach rernoves a port ion of the wave energy, while the laltcr.

'v!1."C measuring a sample of finite size, may include reflections that bounce back and forth

between the source and receiver. One may also try to estimate attenuation by measuring the

amplituude decay of the first arrival with distance. However, because of the dispersion effect.

the wave amplitude decreases with distance even in the absence of intrinsic attenuation as in

this example (Figure 1b). By studying this theoretical example, it is clear that any attempt

to measure intrinsic attenuation using cylindrical bars will have to consider the change of

waveform due to the dispersive nature of the waveguide. Fortunately, since this effect is well

governed by Eq. (1), it can be accurately corrected for provided the parameters Vp, V'•, and

a of the bar are given.

ESTIMATING ATTENUATION THROUGH WAVEFORM

INVERSION

In the presence of intrinsic attenuation in the bar, the attenuation effect is taken into arcu,11:!t

by ,nVtking the wavenum.ber A- (oinpl'x . as

4.'--- '(1 + -k)



Q, i Ilie ~cXiiesioiial quality factor of thle bar matcrial .\ As will be i

eipe !I'rwrilinental lpro)((dliiie. the at teliiiatioii ii1OCaIiireclCit, ;ite u1siually pfi

uvIi'qneitIVI\ iuwioc. Tlueciforv. een.I if Q, Ci ;I with fc 1 i~y iIl'

,1 w't,1iital mover td !K1iu'MV fleqiientv Ya .klge. II i adrillolt. "h 1i'al'w!,t t1( wave- iiS ;)"i-i

]I-t 1 ic I ide becl lseai thle effect is ncegligilble III th11is liia r w fi cqueie~y range.

1 11 a WiVeforin1 iiixvirsionl t echii ique 1i rivol-(s Coinp'lii g IL( K .yavefuc'iins recCiv(ed

I., of I I Ie Sa IIIe I Imte'r Ial Ib) it dI ffercit Ilengths x* I ;,ii (I r2 ( > .r,) itie tv

II..snCe,11Cineiit. (ti(itii tI.e., t le sigilal gcletueAtioil ;nd nI cciv'r response ) irv ~~'

1l, the same. From IFqs. (2) anl (3), it is readilly seen tliat the jwc(tra of the two':;

t!-related vial

ra rIlsforin into time (lolnainl

IV1(t, x2 ) = l1'(t, Li) * D(t) * A(t) I

where

D(t) = F-1{exp[ik(X2 - xi)]) and A(t) = F` {exp[-k(x2 -j1QJ

-Are respectively designated as the dispersion operator and attenuation operator, the symbol

*denotes convolution, and F 1̀ { denotes taking the inverse Fourier transform. From

I.-qs. (4) and (5), It is clearly seen that the difference betwveen the waveformis IiJ(t, x2) and

II (t.x.r) is due to two effects. The first is the waveform distortion due to the velocity

dispersion [D( t)] along ~ie *r2 -x. section of the c\ lindrilcal bar. The second is the amp'it%:'le

deca-y (huie to t he intrinsic damping [A(t1)] along the same section. The first effect rcan I-e

correctedh using the t heory presented in the previous section. Trhe second effect w\Ill be ':,ecd

* I.) de(rive Qe of the bar inatei'ial. Although the waves in a cylindrical bar usually have lonIg

duriations, the attenuation affects thie first few cycles of the waveforms in much the same



wav as it affects the whole wav, tiain. Bas,.d on 1whis fact, the wavcforvii nversion techni(iu,.

,h .1vc,. attenualion ur (2, froui the first fe.w % ycl,.s of thlie w,;vefc rI•<.

I lie waveform inIIelsion pliocedure co.i.•Its of two major ,1,s. lth e1w first. tIfi ij.,

.re vavcfori I V(..r )is tlh,.oretticallv propagated to di.ta iice x,. in which the effect of

:t te.uat ion is not included. Mathewatically. this op)eration is expressed as

=/( x ) -= lv(t-ri) -4 I)(t) 6(;

V,.er, 0 lV (txr) is the iesiiltin g waveforin after the propagation. In tOhis operation, if -he

x,?.o, i 'i .s ,Pa Va are exact, IV(t..r12 ) will be aligned in phase with the ineasured wavefornI

II (7. r. In practice, a slight shift of W(t, X2) may be necessary to obtain such an alignment.

bcai-:e the V' and V, used in calculating Eq. (6) are measured values and may contain errors.

This first step may be called the dispersion correction. The second step is the inversion for

attijmation or Q, by minimizing the difference between WV(t, : 2 ) and IV(t, x-.,). To do so. we

construct the following error function

E(Q ) T. [IV(t, X2 )- W'(t, x2 ) * A(t] 2dt

= j 1+1T [W(t, X2 )- F-'f{ (w, x2 ) exp[-k(x2 -- x)/2Q,]}JI dt (7)

where Tu may be chosen as the beginning time of IV(t,x 2 ) and AT is the duration of the

time section in which W(t, x 2 ) and IV(t, X2) are matched. In the inversion using synthetic

waveforms, AT can include any number of cycles of the waveforms without altering the

inverted value of Q,. because the waveform data are exact. For laboratory data, however.

hle measured waveforms always contain experimental errors (e.g.. random electrical noise).

ThIercfore. AT should be cho.nit as long as possible to reduce the effect due to the errori.

In ,i,,cice. AT may be chose., as 2.r1 /I/`, which, for the shorter sample. is approxiinat,.ey

tý-,- arrival time difference bet 'cen the direct arrival and the first reflection back from iic

s•-W• c'. The minimization is p('rforined using the non-linear least squares procedure. \\e

filrt aision a very roungh etiniate of Q,. Then we multiply the spectrum lV(w, r2,) witli

6



"'1) 11) i2(2~ adil t ia isforin t he produlct back t.o the time doina in "becail-o

tile o l.`(. 2) it'.olt S;igiuficantINv lern, plae

t'I fiail th If I£2) I IIýw IIII14 Iv d it'd II 1C;

II Ii su iit'.] Ito 10 11ake t I c reI 11It III v. .1 %\Afoiii1i 1 ijlai ( wit -% It t 1 11 x2) 2 ;e !i'.

:cV ille ¶ ho mt od of nion- linear lca-I ~q IIIc rIT1111a on M.'-.Iý 197S) au'1 le Sam

'eItris 1repeated III all iterative inawwr iiiutil thie crr4, L I(C2" ic-aches it ininmný-!. 1".0

tiC (f 01 at thi mini, umIs taken as t he c-st imnated Q,

1" Smillla41 nrizc tilie proce(inre., We givc al ii iversioll cxalipc i us ig SyniIthet ic aOi;.

I 1w vwavc-forms are generated using the samec parameters use in Figure 1. But now a 0,

50 i, used Iin thle calculation of the synthectic wav-eformns. Trhe waveforms at x, IC0

inand .2-= 30 crn are used for thc inversion. Figure 2a shows the waveforms.Th

vwa.veformIl at. 10 cil is theoretically propagated to 30 cmn without including the attenuation

i~e, e c).Figure 21) shows that. afte-r the propagation, waveformn FV(t. 3-2 ) is alijgned in

Iha se w It Ii I IV(t,.1-22). I Iowever, the ampI)litudes of the two waveformns do not match because

(I lie attenuiationl elfect was not included in the propagation. The next step I's to minimize the

amplitude difference between the two wvaveforms using the inversion technique. As shown in

Figure 2b, only the first two cycles are used in the inversion. After the inversion, the two

waveformis coincide wvith each other, as shown in Figure 2c. The Q, value obtained from the

inversion is 50.1, in close agreement with the true value of 50. It is noted that for synthetic

data, the inverted Q, is not sensitive to the number of cycles used in the Inversion. b~ecause

the data, do not contain errors or effects of extra arrivals, such as multiple reflect ions.

The procedure of matching th)e first Part Of FIT. Xr2 ) andl(] 1.ýt X2 ) usin~g theinelio

tt-oh iiqiic has several manjor adxa nt ages. Tlhe first is that only the fi rst few cyc~c (.11 the

\-,, ci'ef( ills ait, micledsd furl t 1e4 Q, vcsliimlatit'IIt. HI'is sel)iniate'- tow effelt of iniitr-m1,( at l'l~ i,)

f!Iin Ilthe effect due1 to later arrivals (I.e.. tililtiplc reflectionis). 11c second advaiitage ', hat

I lie so1lut ion to thle inverse prolIkilli isi 1111 ie because only one paramleter Q,, is C-Stl4naited.

Ii 4 all v and iuiost importantly. the ninversioiI is performned using lie waveformis of the low



E.quency fundamnct al mnode. allowinig th Ia ttenuamiit ion to be nwastiried Iii a inuclih.

frequency range than that (if the 1iltrasonjic puke't propagatioll techniquie.

APPLICATION TO LABORATORY MVEASUREMENTS

V tLs ~e~tio. Wujillstrt - he; pp)jlicatitoll (if thle Nvilveforili i;1versiuiil proccdimreV 10

.;~,atir\ easzuremelnt (of atteniuation uising cylindrical hars. [IesaiiipiC' used are .1PV

,i1te al ad Sjeir W\hite granite 1Fle first is alow velocity adhgl t~iitv l~~

:,at,-rial. The second is a hilgli-Q rock. The elastic prioperties of tae t vt)0 materials are giveim

;I lable 1.

Experim-ental Procedure

IFi- ure :3 shows a diagram of the measuring systemn. A pulse generator with various sour~ce

funmctions is used to apply an. excitation signal to the source transducer. Unlike most pulse

transmilssion mneasuremients where a sharp source pulse is usually used, the present measure-

n-eiit uses a burst-sine wave source with adjustable frequencies. This is because the waveformn

;nversion. technique can deal with signals of long duration, while other measurements (e.g.,

spectral ratio method) require signals of short duration. The signal generator in Figure :3

s ddjusted to generate signals with appropriate frequencies within the frequency range of

tile fUndamental wave mode in the cylindrical sample. This requires that the source and me-

cciver transducers have good responses in the (low) frequency range. The measurements are

pe!fc~riner-l onl two samples of the same miaterialI but different length. Th'le requirement of tie

!sa :me material for the two nicas ireinents is based onl the consideration that the t ransilnit t iii

a: e(: 61rI"(i vI n gf Ihe Source and receiver I ria 11 i~cers (depend onl the (,lasti(- propert ies oifII(

a pl.which determine the load iiipedance of the transduicers. (_7siimg sampiles of time s'ain

r'idtler ia I ensures that mieasu ren ment cond(1it ions suchI as t raii sdlucer- sainple coumpliimg. sigia I

Qc:wle .'t n n . and s ignmalI rececivinrg are thle samne for- bothI measumremenit s, so t hat t ie di Irci ei iu

8



1 he~ t wo ]I IXtwas Ii It H(I cd aveforms are' (I ue to t I ie d ] I)es pI oion a ili at tenua tion effect cIS LV

I'II I-i ecaulst thr %\axcform Hiver-sion t2chniqu'e reqpilres that the 1\'.'(7) ~ P~

'I'Cde III p,11i~eehee bcheI !I(,cr IIIVIonis applied. the sainphnig inteival of 11x digital o-ciEl

"Ie AuiWild he 1111C ett11Iuh Io achieve suIch ;II ;alignn"iit . .\Ain~ r-ate aj aouu .;t--100

]It Iitreults for thle P VC bar. 'tlie lcngthIs of the short and 11long Sam !pesz ire

I21.8'2 cm respect ively. Thie radIius of the samples is 0.6415 cm. Figure -1a sh0%\\s thie

1-II d \%aveformis for Owli 8.28 and 21 .82 cm samnples. Tuel( waveformns are measurcd for the

lhi 1/ mid (30 klz source signal frequencies. For the shorter sample, the received (40 kliz)

luclearly shows the arrival of the first and second reflections. The time interval between

'ana oset and thle arrival of the first reflection determines, AT in Eq. (7). For the longer,

'aMiple, tile received waveforms (particularly the 60 kI~z signal) exhibit significant distortion

d'eto dispersion anid amplitude attenuation due to intrinsic damping. For the given material

properties (T'able 1) and bar radius, the waveforms at 8.28 cmn are theoretically propagated

to 21.S2 cin to correct for the dispersion effect. Thie waveformi inversion is then applied to

(derive Q, fromn the 40 kI~z and 60 kHz waveform pairs. The results of waveform inversion

are given in Figure 4b. After the dispersion correction and inversion, the wav-eforms (both

'10 and 60 kI1z) at 21.82 cm are satisfactorily recovered from the waveforms at S.2S cmn.

Co)nsidering the significant distortion of waveforms at 21.82 cin compared wvith those at S.2S

('i1i. thle results iii Figure 4Ib showv that. thle dispersion correct ion is effective and suffic~ew',v

;IC( IIrate. Furthermore, thle Q, v'alues obtained from t lie two different frequencies are ,(I: .\

lie.They are Q, =1-1.2 for 40 kl~z and 13.9 for 60 K-llz. ind~icatling the consistenlcy of thell

O )f t111cii iost interest. are thle results from n tie ineasu reients onl granite. Resoniant -a r



1,,a:,u11( nents were Pelformed on IIe salnlplc 1iJor<- it was Iut litlit two s-amples of lcngiho

3.16 aud 11.91 cin. 'Fhe radius of the samlpihs is 0.672 cm. The resonant bar results will :ý,

colmpared with those from the present techilliqw,.. Figure 5 shows the waveformn datat fi,.II

maS•urilg the shorter and longer sa11ph1 ,)e for different source frequencies ranging from 40

t, - ktl:? \VWith incleasing frvqieii". thle (1ipersive featureOs kf til waves become n,•u,.

1:. 1 Figur,. 6 shows tih ' il of t he wavfrzii after the ivcrsl,,. ['he mialclh •: ;,I,

.. ;,. ei ' ,ry good. 'I lie Qive , e ( ie \',hlls t', r these fr.q 'u l oi's are givell Ii P1g , C II

f, ,;•tu !,aii of meQatched watf',ns. l1me (L values arc oni the rder of 110. To coli•,.ilf,

tl.,-e , mtuti with those from the r(sollalit bar IltcasllreIlienlt, we plot the attenuatilolln d(ta

e:Prcsed as 1000/Qe versus frequency in Figure 7, together with a value measured cu

a granlute sample using spectral ratio method around 800 kllz. '[he ultrasonic extensional

attenmat ion value was derived from the measured coinpressional and shear attenuation values.

As seen in this figure, the waveform inversion results (open circles) are quite consistent with

the resonant bar results (triangles). The ultrasonic measurement (square) yields significantly

higher attenuation than the two low frequency measurements, suggesting that scattering

is the mechanism for attenuation at ultrasonic frequencies (Winkler, 1983; Blair, 1990).

71 'is may also explain why the waveform inversion results generally show slightly higlhr

atlenmat~on than those of the resonant bar measurement, assuming that at the 100 kilz

fiquency range there are still some scattering effects.

CONCLUSIONS

L~i.i 't :dy presents a new approach to attenuation measurements through inversion of wave-

,:,- In fact. the wavHforl inversion technique is not restricted to bar neasurements. It

, ,.' a(alpte, I to othler pIlIse tIansmission lcaullreunelltns. For example. for tilt rasoni

l,1 1S11lur!;:vntS t us.ing bamIples of large lateral dM i (tis'ons, the waveform il ,.r'lol is almc-h IsI,

if the w,.vfonris are corrected for difftraction (or beam spreading) effccts of the tra nsdl•iut

10(



-I I f, Io 11' r goo)tlclt [V. t he t vchI n ijue st ill has several appl~ications. It canIn-

I00 d. l .ý sl~kI PI Wt .01ci)Iiot munder(1 (uuf5ii6&ng Di(essiCS 1)1)m)nrawto the ;A-'.f

otI!, 11jwt!"ioII tlialikctcIiýh ( s of tll(- bar inl ilh( Inc -lice of a. C( .1ni

-I 'I I.\ OI m ntulcd for. I n add it ion. t heC WaleformIS Of flex iirai ;tnm t o:-!u: I

* .iwi l ar canl ako) 1,( utilized to estimate the shear attenuation of die4:
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-'• -- wavepform propagated from xl
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C.
- inversion result

10 ----- waveform at x2
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so 70 so 1.10 130 "50

TIME (MicroSec)

Ii.,,c 2: Illustration of the waveuforin inversion procedure. (a)Propagate waveform at x, to

Xr2. (b)lRcsult of thv ,dispersion correction: the waveforms are aligned in phase, the

amplitude difference is due to attenuation and is to be minimized to find Q,. (c) After

inversion, the two waveforms are matched. The Q, required for the match gives the

('stinmated atteiiiation.
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SAM\PII.LE, (cylindrical bar)

SOURCE TRANSDUCER RECEIVE'R "RANSI)UCER

PULSE GENERATOR
(adjustable frequency)

DIGITAL OSCILLOSCOPE

Fi,;-,ie 1): i)]agram of the system for measuring attenuation in bars.
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a. Measured waveforms from PVC bar (a=O.645cm)

,/. '\ - \I . -...r... .

x •21 82cm W' t kI-Iz

GO0 k1i.,;

-r-I T - T-.Tr T-rr-l-T-F-r-T• - T •-I-r -- "- -- T "-r--

0 so 100 150 200 250 300 350

TIME (MicroSec)

b. Results of waveform inversion

*.... wavelorm at21.82cm

- inversion result

40 kHz.0e=1.

o 90 130 170 210 250

TIME (MicroSec)

Figurc 4: (a) \Va\vfornis ilnasured from the short and long PVC bars at 40 and 60 kHz

frequencies. (b).Matched waveforms after the dispersion correction and inversion. The

inlVerted Q( vallics for the two fcqunci(.Is are also indicated.
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Waveform Inversion Results for Sierra White Granite

-...waveform at 11.91cm
inversion result

40 kHz, Q = 129 ••

60 kFiz, 0e= 106 •

120 kHz, 0 e= 104-"•

1140 kHz, e =97

S' I p I I ' I I I

0 20 40 60 80

TIME (MicroSec)

Figle 6: .Matched wavefo rms after the dispersion corr'ction and inversion for the differ ent

frequencics. The inverted Q, values for the frequencies arc also indicated.

19



COMPARISON OF ATTENUATION VALUES OF SIERRA
WHITE GRANITE OBTAINED USING DIFFERENT METHODS

50 7 . 1'- - -T -. •

0 " 4 0 Fultrasonic pulse 2
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20
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110 100 1000
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,:, t aIXr (tvltanglcs). \avt.fI'lm ilw\C .•i,, (opecii C116's), and f ll trasonic pulse prop-
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